Time-resolved Fourier transform Raman spectroscopy of the highly fluorescent chromophore 9,10-diphenylanthracene (DPA) in cyclohexane and ethanol is described. Raman spectra of the first excited singlet state of DPA were obtained with 100-ps resolution at several time delays between pump pulses at 355 nm and probe pulses at 1064 nm. The nearinfrared excited-state Raman scattering is enhanced by resonance with an excited-state transition of DPA. The excited-state Raman bands decay in about 5-6 ns. Evidence for interaction of the solvent with the DPA excited state is observed in the cyclohexane C-H stretching bands.
INTRODUCTION
For many years, spectroscopists have sought to apply the methods of vibrational spectroscopy to excited states, photochemical intermediates, and transient ground-state species. Consequently, time-resolved resonance Raman spectroscopy ~-6 has been an area of rapid development in recent years. However, like conventional resonance Raman spectroscopy, time-resolved resonance Raman methods have sometimes been hampered by fluorescent background. Although it is possible in some cases to deal with this problem by careful subtraction of backgrounds recorded with pump and probe beams alone, 7 this method corrects only for the average background levels, and does not remove the noise component. Hence, in most cases, time-resolved Raman methods have been applied either to samples with low fluorescence quantum yields or to samples where excited-state Raman scattering generated by the probe beam is spectrally removed from the fluorescence induced by the pump beam. This approach can potentially be achieved in samples with visible or UV fluorescence by Raman excitation and detection in the near-infrared region. In recent years, the combination of Fourier transform (FT) detection and analysis with near-IR excitation of Raman scattering has proven to be a particularly powerful technique for steady-state Raman spectroscopy. ~-~2 The development ofnear-IR FT-Raman instrumentation also furnishes the opportunity to expand the spectral region available for time-resolved Raman experiments into the near-infrared.
The use of FT methods with an externally modulated signal requires simultaneous synchronization of the interferometer mirror position and the external modulation. This constraint also applies to time-resolved signals that are generated by short laser pulses. An elegant and Received 6 May 1994; accepted 6 February 1995. * Author to whom correspondence should be sent. flexible solution to this problem has emerged with the development of step-scan interferometers. ~3-~7 Recently, we described the implementation of step-scan FT-Raman spectroscopy with picosecond laser pulses and reported results demonstrating the first application of picosecond time-resolved FT-Raman spectroscopy. 18 The time resolution of our system is 100 ps, determined by the laser pulse width, although resolution of a few picoseconds is achievable in principle by time-resolved FT-Raman spectroscopy. Preliminary Raman spectra were reported of the excited state of the highly fluorescent molecule 9,10-diphenylanthracene (DPA). ~s
In the present paper we report the application of picosecond time-resolved FT-Raman spectroscopy to the evolution of the excited-state Raman spectrum of DPA in two solvents, cyclohexane and ethanol. This work demonstrates the potential of time-resolved FT Raman spectroscopy for probing excited-state photochemistry, photophysics, and vibrational dynamics.
EXPERIMENTAL METHODOLOGY
Picosecond time-resolved FT-Raman spectra of the first excited singlet state of DPA were measured with the apparatus shown schematically in Fig. 1 . Laser pulses at 355 nm were focused into the sample to excite DPA into its first excited singlet state, and probe pulses at 1064 nm were used to generate Raman scattering. Laser pulses of 100-ps duration at 1064 nm were produced by a modelocked and Q-switched (at 2 kHz) Nd:YAG laser (Coherent Antares).
A single pulse from each Q-switched pulse train was selected with a Pockels cell (Medox Electro Optics Inc.). These pulses were separated from the remaining pulses in the pulse train by a Glan laser polarizer. The single pulses were directed into a lithium triborate (LBO) second-harmonic generator to produce 532-nm radiation. The unconverted 1064-nm single pulses were separated from the 532-nm pulses with a diehroic mirror and directed into an optical delay line for use as the probe beam. The pulse trains (minus the selected single pulses) were delayed 13 ns (the time interval between pulses in the pulse train), and combined with the 532-nm pulses in a B-barium borate (BBO) crystal to generate 355-nm pulses. Substantial losses in both pump and probe pulse energies were observed if the third-harmonic generator was placed directly after the second-harmonic generator. The method described above, by using a second 1064-nm pulse from each pulse train for conversion of the 532-nm pulses by sum frequency generation to produce the 355-nm third harmonic, increases both pump and probe pulse energies significantly, from 15 uJ to 35 ~J at 355 nm, and from 100 #J to 175 ~J at 1064 nm. The time delay of 1064-nm probe pulses with respect to 355-nm pump pulses was controlled by a stepping-motor-driven delay line (Unislide). The pump and probe beam was focused into the sample inside the BioRad FTS-60A Raman module. The sample was flowed continuously from a nozzle at a given speed so that each pulse excited a fresh sample. Pump and probe beams were focused directly onto the freely flowing sample. The BioRad FTS-60A/896 interferometer was operated in step-scan mode with a step rate of 100 Hz during the time-resolved Raman measurement. The interferometer signal was detected with a Ge detector (North Coast Scientific).
The pump-pulse repetition rate was reduced to half that of the 2-kHz probe pulses with a chopper. The Nd:YAG laser Q-switch and the chopper were synchronized by triggering the laser externally at twice the chopper frequency. The signal from the detector was processed by a
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Volume 49, Number 5, 1995 lock-in amplifier referenced at 1 kHz in order to selectively amplify changes induced in the signal by the pump pulses. A reference signal was generated by probe pulses detected by a photodiode and amplified by a lock-in amplifier referenced at 2 kHz. The Raman signal output was divided by the reference in order to cancel out laser drift. The output of the analog divider was directed into the FTS-60A A/D converter for processing. Excitation and probe beam average powers were nearly constant (_+ 2 mW) before and after the data collection at any time delay. The spectral resolution and the total data collection time at each time delay were 8 cm-1 and 6.5 h, respectively. A band generated by 355-nm pump pulses and attributed to emission from the Rayleigh-line rejection filter was removed from each time-resolved spectrum by subtraction of the spectrum recorded with pump pulses alone.
Continuous wave (cw) Raman spectra, excited by radiation from a diode-pumped Nd:YAG laser (Laser Diode LDP1000-8), were recorded in the rapid-scan mode of the interferometer. FxG. 2. Fourier transform Raman spectra of 9,10-diphenylanthracene in cyclohexane (top), and the pure solvents ethanol (center) and cyclohexane (bottom). The ground-state Raman spectrum of diphenylanthracene was excited with 450 mW of cw 1064-nm radiation (6000 scans at 2-cm-t resolution). The Raman spectra of the solvents were generated with Q-switched Nd:YAG pulses with the interferometer operated in step-scan mode (100 steps/s). 
RESULTS AND DISCUSSION
The ground-state FT-Raman spectrum of DPA in cyclohexane, generated with cw 1064-nm excitation, is shown in Fig. 2 . The frequencies of the observed Raman bands are tabulated in Table I . The Raman spectra of the solvents cyclohexane and ethanol used in these studies are also shown.
DPA in Cyciohexane. Picosecond pump/probe timeresolved FT-Raman spectra of DPA in cyclohexane are shown in Fig. 3 for four different time delays between pump and probe pulse. Positive bands report an increase in Raman scattering with respect to the signal generated by probe pulses alone, and negative bands show a decrease. The spectrum at a time delay of -200 ps (i.e., the probe pulse preceded the pump pulse by 200 ps), contains slight increases in signal at 662, 1377, and 1585 cm -~. We attribute these bands to a weak excited-state Raman TABLEI. Ground and excited single~stateRaman~equenciesof9,10-diphenylanthracene.
Ground state
Excited state in Excited statein (cm -t) cyclohexane (cm-9 ethanol ~m ~) 398 391  390  607  676  662  662  896  885  995  995  1000  1023  1178  1175  1174  1186  1219  1298  1294  1297  1416  1377  1375  1482  1416  1419  1540  1497  1498  1560  1602  1585  3057  3069 signal due to a small degree of overlap of the 100-ps wide full width at half-maximum (FWHM) pump and probe pulses. Strong positive and negative bands appear in the spectrum obtained at zero time delay (+ 100 ps), where the pump and probe pulses arrive simultaneously at the sample. The emergence of these bands between -200 ps and 0 ps is consistent with the 100-ps time resolution of this instrumentation. The excited-state concentration engendered by the pump pulses is estimated to be about 3 mM.
At longer time delays (3000 and 7500 ps) these signals diminish with a lifetime of 5 to 6 ns. These bands can therefore be assigned to the excited singlet state $1 of DPA. The decay may appear slightly shorter than the 7.6-ns excited-state lifetime reported for DPA in cyclohexane 19 because of uncertainties in the relative Raman intensities from one time delay to the next resulting from drifts in laser power or overlap between pump and probe pulses, or because of quenching of DPA excited states. The observed excited singlet Raman frequencies of DPA are displayed in Table I . Although St DPA Raman modes appear as positive bands with strong intensity, we observe no ground-state DPA modes in the time-resolved spectra in Fig. 3 . These might be expected to appear as negative bands due to decreased Raman scattering ("bleaching") from the DPA ground state. The fact that So Raman modes of DPA are not observed while S~ modes are suggests that $1 Raman scattering of DPA is resonantly enhanced at 1064 nm.
The negative bands at 800, 1027, 1265, and 1443 cmmatch the frequencies of the strong solvent bands in this region of the spectrum (see Fig. 2 ). The intensity decrease in these bands shows that solvent Raman scattering is diminished after excitation of the sample. The intensities of these bands appear to recover with the same lifetime as the decay of the excited-state Raman bands. The observed intensity decrease in these negative bands was about 4% of the total intensity of the cyclohexane Raman bands. This observation can be understood as a result of excitedstate absorption of the 1064-nm pulses following exci- ration of DPA at 355 nm, which reduces the intensity of the probe beam in the sample. The solvent Raman signal decreases accordingly. The transmitted intensity of the 1064-nm beam was directly measured by a photodiode, and observed to decrease by about 4% immediately following the pump pulse.
In anthracene, an excited singlet IB3g state (83) exists at approximately 8200 to 9100 cm , above the 'B,, (St) state, z°,2' A similarly placed state is anticipated in DPA. Consequently, the 1064-nm probe (9400 cm -t) is resonant with the $3 ~ St transition. This observation confirms the suggestion that the excited-state Raman bands of DPA are observed by resonance Raman scattering.
An apparently anomalous feature in the time-resolved Raman spectra of DPA in cyclohexane appears in the positive bands at 2851, 2924, and 2936 cm -t. These frequencies are characteristic of aliphatic (not aromatic) C-H stretching vibrations, and match exactly the groundstate Raman frequencies ofcyclohexane (see Fig. 2 ). These positive bands indicate an increase in cyclohexane C-H Raman scattering and appear to be superimposed on a negative component which ensues from the decrease in the intensity of the 1064-nm probe beam discussed above. The enhanced solvent scattering in this region may reflect an interaction of the solvent with the excited state of DPA. Although excitation of DPA at 355 nm must cause some heating of the solvent surrounding the excited molecule, we think it unlikely that thermal effects can explain the observations in this region for the following reasons: (1) solvent heating would affect all solvent bands, not just C-H stretching modes; and (2) the enhanced solvent Raman scattering does not appear in ethanol (see below) and seems to depend on the nature of the solvent.
DPA in Ethanol. Time-resolved Raman spectra were also measured for DPA in ethanol. These spectra are shown in Fig. 4 . At a negative time delay of -200 ps, a weak excited-state Raman signal can be observed as in Fig. 3 , because of a small overlap between the probe and pump pulses. At zero time delay, excited singlet-state Raman bands of DPA are observed at frequencies that match closely the frequencies found for DPA in cyclohexane (see Table I ). The excited-state concentration was estimated to be 0.5 mM-1.0 mM. The time-resolved Raman signals are weaker for these spectra than in Fig. 3 because of a lower excited-state concentration of DPA. The excited-state Raman bands decay with roughly the same lifetime as in cyclohexane. Negative bands again appear, corresponding to ground-state Raman frequencies of ethanol.
In contrast to the spectra of DPA in cyclohexane, the ethanol solvent bands around 2928 cm -j remain negative. Apparently the solute-solvent interaction responsible for increased solvent intensity for DPA in cyclohexane is not active in ethanol. A larger background is observed relative to the Raman signal than in Fig. 3 . The ripples observed in the 2300-2900 cm -1 region in Fig. 4 are attributed to interference of the background in a visible blocking filter. The intensity of this interference pattern was found to increase or decrease with the sample concentration, suggesting that the background derives from DPA fluorescence, which may be absorbed by an optical filter which subsequently re-emits in the near infrared region.
Ground and Excited-State Raman Modes of DPA. The observed ground and excited singlet state Raman frequencies of DPA are tabulated in Table I . A ground-state UV resonance Raman spectrum (11-cm-t resolution) of DPA excited at 254 nm has been reported previously. 22 Several of the major ground-state bands in Fig. 2 (398, 676,896, 1178, 1298, and 1560 cm ') were also observed in the UV resonance Raman spectrum.
The excited-state vibrational frequencies of DPA have not been previously reported. Most of the observed excited-state frequencies appear not to be greatly changed from ground-state frequencies, suggesting only minor structural changes between So and St. The strong S, Raman bands observed in Figs. 3 and 4 are most likely totally symmetric modes, which are expected to be most strongly enhanced in resonance Raman spectroscopy. Although a normal-mode analysis of DPA is not available, a normal-mode calculation has been reported for the anthracene ground state. 23 Several of the strongest $1 Raman bands (391, 1175, 1377, and 1497 cm ') seem to correlate with totally symmetric anthracene modes involving symmetric distortion of the C-C framework in the anthracene plane. The band at 662 cm ', on the other hand, is associated with substitution at the 9 position. 22 Bands at 995-1000 cm-~ in the ground and excited states are likely associated with the phenyl rings.
CONCLUSION
We have used step-scan Fourier transform Raman spectroscopy with picosecond time resolution to probe excited-state vibrations and interactions with solvent of DPA. DPA, with a fluorescence quantum yield of nearly unity, would present a considerable challenge to timeresolved resonance Raman spectroscopy with visible probe pulses. Raman excitation in the near-infrared disengages the Raman scattering from fluorescence in the visible spectral region. Further application of this technique can be anticipated in studies of excited-state conformations, excited-state reactions, and short-lived ground-state reaction intermediates.
